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Simulations of Flow in the Edwards-Trinity Aquifer 
System and Contiguous Hydraulically 
Connected Units, West-Central Texas

By Eve L. Kuniansky and Kelly Q. Holligan

Abstract

The Edwards-Trinity aquifer system is cur­ 
rently (1993) being studied as part of the Regional 
Aquifer-Systems Analysis program. A major goal 
of the project is to understand and describe the 
regional ground-water flow system. A finite- 
element model for simulating two-dimensional 
steady-state ground-water flow was applied to the 
major aquifers of the Edwards-Trinity aquifer sys­ 
tem and contiguous hydraulically connected units 
for the winter of 1974-75 and for the predevelop- 
ment conditions. The major aquifers are the 
Edwards-Trinity in the western semiarid part of 
the study area, the Trinity in the eastern subhumid 
part of the study area, and the Edwards in the 
southeastern part of the study area. The Edwards- 
Trinity, upper part of the Trinity, and part of the 
Edwards aquifers are shallow and unconfined over 
most of the study area. Regional ground-water 
flow is toward the perennial streams for the 
Edwards-Trinity and Trinity aquifers, as indicated 
by the observed and simulated potentiometric sur­ 
faces.

The transmissivity values used in the simu­ 
lations were within estimated ranges and generally 
are: 1,000 to 10,000 ft2/d (feet squared per day) 
for the Edwards-Trinity and Trinity aquifers; 
100,000 to greater than 1 million ft2/d for the 
Edwards aquifer; and less than 500 to 10,000 ft2/d 
in contiguous hydraulically connected units. Sim­ 
ulated flow through the Edwards-Trinity aquifer 
system and contiguous hydraulically connected 
units is about 3 million acre-feet per year. Esti­ 
mates of areally distributed recharge from the sim­ 
ulations range from 0.1 to 1 inch per year for the 
Edwards-Trinity aquifer and increase to 4 inches

per year for the Trinity aquifer. Recharge to the 
Edwards aquifer occurs along streambeds that 
cross outcropped high-permeability rocks of the 
Edwards Group through joints and faults. Many of 
the streams are diverted completely underground 
during periods of no precipitation. The movement 
of a substantial quantity of water (about 400 cubic 
feet per second) from the Trinity and Edwards- 
Trinity aquifers into the Edwards aquifer was sim­ 
ulated. Results of the simulations indicate that 
anisotropy strongly influences flow in the Edwards 
aquifer. In the San Antonio and Austin areas, the 
Edwards aquifer is the most active part of the 
ground-water flow system with one-third of 
ground-water discharge occurring in 5 percent of 
the modeled area for both simulations.

INTRODUCTION

The Edwards-Trinity aquifer system and contig­ 
uous hydraulically connected units underlie 55,600 mi 
in west-central Texas. This aquifer system is currently 
(1993) being studied as part of the U.S. Geological Sur­ 
vey's Regional Aquifer-Systems Analysis (RASA) 
program. A major goal of the program is to understand 
and describe the regional flow system. The RASA pro­ 
gram was initiated in 1978 in response to the 1977 
drought (Sun, 1986, p. 1). Digital ground-water model­ 
ing of the aquifer system is a method to quantify water 
movement through the regional ground-water system 
and refine estimates of aquifer properties. Thus, the 
development of a digital ground-water flow model of 
the aquifer system is a key part of the project.

The steady-state simulations were accomplished 
using a two-dimensional finite-element model for 
ground-water flow (Kuniansky, 1990a). The finite- 
element method was selected because faulting in differ­ 
ent directions throughout the study area, particularly in 
the southeastern part, results in anisotropy that strongly
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influences regional ground-water flow. The finite- 
element method is one of the few numerical methods 
that can approximate this properly.

Purpose and Scope

This report is one in a series of reports of the 
Edwards-Trinity RASA project. It describes the steady- 
state simulations of ground-water flow in the major 
aquifers of the Edwards-Trinity aquifer system and 
contiguous units that form a continuous hydraulically 
connected flow system within the study area (fig. 1). 
The model area extends beyond the aquifers of the 
Edwards-Trinity system to hydrologic divides, includ­ 
ing the Colorado River and the Rio Grande. Back­ 
ground hydrologic information, geologic structures 
that affect ground-water flow within the aquifer sys­ 
tem, boundary conditions, sources, and sinks are docu­ 
mented in this report.

The winter of 1974-75 (December 1974 through 
February 1975) was selected for simulation for three 
reasons: (1) The system is closest to steady state during 
winter; (2) during winter there is almost no loss of 
ground water caused by evaporation, irrigation with­ 
drawals, and transpiration; and (3) more water-level 
data were available throughout the study area during 
this winter season than during other winter seasons.

A simulation of predevelopment conditions was 
accomplished and compared to a historical potentio- 
metric surface. The historical surface was developed 
from the earliest recorded water levels within the study 
area (1915-69) and is the best available representation 
of a predevelopment surface (Bush and others, 1993).

Lack of data prohibit transient calibration of the 
entire 55,600 mi2 model area. The only period for 
which an accurate potentiometric surface could be 
developed over the entire area was winter 1974-75. 
Few synoptic periods with water levels of the aquifers 
exist and areal distributions of recharge and discharge 
adequate for sequential stress periods are not available. 
Thus, the model developed is the simplest approxima­ 
tion of the regional flow system. This simple approxi­ 
mation is useful for comparison of water budgets and 
flow directions of the predevelopment and postdevel- 
opment simulations.

Physiography and Hydrologic Setting

The area of the Edwards-Trinity aquifer system 
in west-central Texas is divided into four geographic 
subareas: Trans-Pecos, Edwards Plateau, Hill Country, 
and Balcones fault zone (fig.l). The Trans-Pecos is 
characterized by the flat alluvial valley of the Pecos 
River on the north and east, and by highly dissected flat 
plateaus and mesas in the south. Altitudes in the Trans- 
Pecos range from 1,200 ft in the south to 4,500 ft at the 
eastern edge of the Davis Mountains (Rees and 
Buckner, 1980, p. 2). A series of mountain ranges 
bounds this subarea on the west. The Edwards Plateau, 
located in the center of the study area, is characterized 
by "***rolling plains to flat tableland and rugged, 
steep-walled canyons and draws***" ranging in alti­ 
tude from 1,000 to 3,300 ft (Walker, 1979, p. 7). The 
Hill Country subarea is characterized by rough rolling 
terrain ranging in altitude from 800 to 2,400 ft 
(Ashworth, 1983, p. 2). The Balcones fault zone in the 
southern part of the study area is characterized by an 
escarpment created by a series of en echelon faults, 
which trend southwest to northeast along the length of 
the subarea (fig. 2). In the eastern part of the Balcones 
fault zone, the altitude of land surface ranges from 
about 500 to 1,000 ft. In the western part of the 
Balcones fault zone, altitudes range from about 500 to 
1,500ft.

The major rivers that drain west-central Texas 
are the Colorado, Guadalupe, Nueces, and Pecos Riv­ 
ers, and the Rio Grande (pi. 1). Many of these rivers are 
incised into the Edwards-Trinity aquifer system. Base 
flow, consisting of ground-water discharge to streams, 
ranged from 25 to 90 percent of the total stream flow for 
December 1974 through March 1977 in the eastern part 
of the study area (Kuniansky, 1989).

The climate varies from subhumid subtropical in 
the east to arid temperate in the northwest. There are 
two rainy seasons in the eastern part of the study area, 
one in spring and one in fall. Storms in the eastern part 
of the area usually are widespread. In the western part 
of the study area, precipitation usually occurs in the 
summer. These summer storms may be intense, but are 
local in extent. Precipitation has the greatest spatial 
variability and the least frequency in the west. Mean 
annual precipitation (1951-80) throughout the study 
area ranges from 32 in. in the east to 10 in. in the west 
(Riggio and others, 1987, fig. 11). Winter is the driest 
of the four seasons. During the winter of 1974-75, con­ 
ditions were moderately wet (1.8 to 2.0 in.) in the

Simulations of Flow in the Edwards-Trinity Aquifer System and Contiguous Hydraulically Connected Units, West-Central Texas



10
4°

10
3°

10
2°

10
1

C
10
0°

99
°

98
°

LO
C

A
TI

O
N

 
M

A
P

30
°

29
°

B
o
u
n
d
a
ry

,o
f 

m
od

el
 

(s
tu

dy
 

ar
ea

)
E

X
P

L
A

N
A

T
IO

N
 

E
D

W
A

R
D

S
-T

R
IN

IT
Y

 A
Q

U
IF

E
R

 

T
R

IN
IT

Y
 

A
Q

U
IF

E
R

 

B
f
 

E
D

W
A

R
D

S
 

A
Q

U
IF

E
R

I 
I 

C
O

N
T

IG
U

O
U

S
 

H
Y

D
R

A
U

LI
C

A
LL

Y
 

C
O

N
N

E
C

T
E

D
 

U
N

IT
S

 
B

O
U

N
D

A
R

Y
 

O
F

 
E

D
W

A
R

D
S

- 
T

R
IN

IT
Y

 
A

Q
U

IF
E

R
 

S
Y

S
T

E
M

50
 

M
IL

E
S

I 
I 

0 
25

 
50

 
K

IL
O

M
E

T
E

R
S

3 O

Fi
gu

re
 1

. 
Lo

ca
tio

n 
of

 th
e 

st
ud

y 
ar

ea
, 

ge
og

ra
ph

ic
 s

ub
ar

ea
s,

 a
nd

 m
aj

or
 a

qu
ife

rs
.



c I o » m I a. | t ff a> <Q
 o w

3
0
 
3
0
'

3
0
 
0
0
'

2
9
 
3
0
'1

0
0
°3

0
' 

1
0
0
°0

0
' 

9
9

°3
0

'

E
X

P
LA

N
A

TI
O

N

!2
Z

l 
A

P
P

R
O

X
IM

A
T

E
 

LO
C

A
T

IO
N

 
O

F
 

S
A

N
 

M
A

R
C

O
S

 
A

R
C

H

I' 
  

 ! 
A

P
P

R
O

X
IM

A
T

E
 

LO
C

A
T

IO
N

 
O

F
 

E
D

W
A

R
D

S
 

A
R

C
H

 
j

I 
 >  

  I
 

C
O

N
F

IN
E

D
 

P
A

R
T

 
O

F
 

T
H

E
 

E
D

W
A

R
D

S
 

A
Q

U
IF

E
R

 
[

 
 
 
 
 

B
O

U
N

D
A

R
Y

 
O

F 
G

E
O

G
R

A
P

H
IC

 
S

U
B

A
R

E
A

S

 
 
 
 
 

F
A

U
LT

S

D
IS

P
LA

C
E

M
E

N
T

S
 

A
LO

N
G

 
C

R
O

S
S

 
S

E
C

T
IO

N
, 

IN
 

P
E

R
C

E
N

T
 

O
F

 
T

H
E

 
T

H
IC

K
N

E
S

S
 

O
F 

T
H

E
 

P
E

R
M

E
A

B
LE

 

R
O

C
K

 
U

N
IT

S
-P

U
B

L
IS

H
E

D
 

IN
 

S
M

A
LL

, 
1
9
8
6
, 

FI
G

. 
1.

 
K

IM
B

L
E

 
 

5
0

 
to

 
7

4
 

p
e
rc

e
n
t 

d
is

p
la

ce
m

e
n
t

©
 

7
5
 

to
 

1
0
0
 

p
e
rc

e
n
t 

d
is

p
la

ce
m

e
n

t

(D
 

G
re

at
er

 
th

an
 

1
0
0
 

p
e

rc
e

n
t 

d
is

p
la

ce
m

e
n

t

9
9

 
0

0
'

9
8

 
3

0
'

9
8

 
0

0
'

M
A

S
O

N
LL

A
N

O
B

U
R

N
E

T

W
IL

LI
A

M
S

O
N

\

\

W
IL

S
O

N
 

/ 

_
_
_
_
_
_
IX

K
A

R
N

E
S

10 I
20

I
30 I

4
0
 

M
IL

E
S

i 
i 

r
10

 
20

 
3
0
 

4
0
 

K
IL

O
M

E
T

E
R

S

Fi
gu

re
 2

. 
Lo

ca
tio

n 
of

 fa
ul

ts
 a

ss
oc

ia
te

d 
w

ith
 th

e 
B

al
co

ne
s 

fa
ul

t z
on

e.



Trans-Pecos subarea and near normal (5.0 to 8.0 in.) in 
the other subareas of the study area (Karl and Knight, 
1985). Mean annual temperature (1941-70) ranges 
from 69 °F along the Balcones fault zone in the east to 
63 °F at the western edge of the Trans-Pecos (Texas 
Water Development Board, written commun., 1974). 

Over most of the arid and semiarid subareas of 
the Trans-Pecos, Edwards Plateau, and Hill Country, 
soil development is poor and soil thickness is often less 
than 1 ft. In the Trans-Pecos, soils are clay loams over 
rough, stony terrain vegetated by desert shrubs. In the 
Edwards Plateau, soils tend to be calcareous stony 
clays vegetated by desert shrubs in the west; and juni­ 
per, oak, and mesquite in the east. The Hill Country has 
soils and vegetation similar to those of the Edwards 
Plateau. In the northeastern part of the Balcones fault 
zone, soils are calcareous clays, clayey loams, and 
sandy loams with some prairie vegetation. In the south­ 
western part of the Balcones fault zone, west of San 
Antonio, the vegetation changes to the more arid vege­ 
tation of juniper, oak, and mesquite (Kier and others, 
1977).

Acknowledgments

The authors are grateful to Morris L. Maslia, for­ 
merly of the U.S. Geological Survey, Doraville, 
Georgia, for providing computer programs for aiding 
finite-element mesh generation and optimizing the 
node numbering of the mesh. The authors also thank 
the Texas Natural Resources Information System and 
Texas Water Development Board for providing data for 
this study.

HYDROGEOLOGIC SETTING

Hydrogeologic Units of the Edwards-Trinity 
Aquifer System and Contiguous 
Hydraulically Connected Units

The major aquifers of the Edwards-Trinity sys­ 
tem are located in rocks of Cretaceous age (Barker and 
others, 1994). The principal aquifers are named the 
Edwards-Trinity in the Trans-Pecos and Edwards Pla­ 
teau, the Trinity in the Hill Country, and the Edwards in 
the Balcones fault zone (fig. 1). The Edwards-Trinity 
aquifer is predominantly composed of limestone and 
dolomite in its upper part and sand in its lower part. The

Trinity aquifer is composed of dolomitic limestone 
with interbedded sand, shale, and clay. The Edwards 
aquifer is an extensively fractured and solutioned lime­ 
stone with horizontal beds of honeycombed limestone. 
Figure 3 shows the relation of hydrogeologic units and 
major aquifers and their stratigraphic 1 equivalents, and 
indicates the hydrogeologic units that were simulated.

Throughout the Trans-Pecos and Edwards Pla­ 
teau, the Edwards-Trinity aquifer is unconfined to 
semiconfined. The sediments forming the aquifer were 
lain in a marine environment in several depositional 
cycles and are horizontally bedded with many vertical 
joints. These vertical joints allow rainfall to percolate 
into the aquifer causing caverns to develop in some 
areas of the Edwards Plateau.

The Trinity aquifer in the Hill Country is most 
productive in the units of the Lower Glen Rose Lime­ 
stone, Hensel Sand, Cow Creek Limestone, and Hoss- 
ton and Sligo Formations. Rocks of the Edwards Group 
(Rose, 1972) have mostly been eroded and only cap a 
few hills. The Upper Glen Rose also has been eroded 
exposing rocks of the Lower Glen Rose along the 
Blanco, Guadalupe, and Medina Rivers, and Cibolo 
Creek. The Hensel Sand is exposed along the Peder- 
nales River (Ashworth, 1983). The Lower Glen Rose is 
known to be cavernous in the area of Cibolo Creek. 
Near the confluence of the Pedernales and Colorado 
Rivers near the northeastern limit of the Hill Country, 
lower Trinitian rocks (Glen Rose Limestone, Hensel 
Sand, and Cow Creek Limestone) are exposed along 
the river. In this area the most productive units are the 
Hosston and Sligo Formations.

The Edwards aquifer is unconfined in a narrow 
strip where rocks of the Edwards Group (Rose, 1972) 
crop out along the southern edge of the Edwards Pla­ 
teau and the Hill Country. Most of this aquifer is con­ 
fined downdip from the outcrop (fig. 2). Rocks of this 
formation tend to be honeycombed, horizontally bed­ 
ded, and more permeable than rocks of the adjacent 
Trinity aquifer. Dissolution of the rocks parallel to 
faults and joints has resulted in higher permeability 
along faults and joints than across faults and joints.

Throughout the study area, erosional unconfor­ 
mities result in contiguous hydraulically connected 
permeable units ranging in depositional age from Pre- 
cambrian to Cenozoic. In the northwestern part of the

lrThe stratigraphic nomenclature used in this report was 
determined from several sources and does not necessarily follow 
usage of the U.S. Geological Survey.
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Trans-Pecos and Edwards Plateau, the Edwards-Trinity 
aquifer is overlain by and hydraulically connected to 
the Cenozoic Pecos alluvium aquifer near the Pecos 
River (Ogilbee and Wesselman, 1962, pi. 5-7; Rees and 
Buckner, 1980, fig. 3). Cretaceous rocks adjacent to the 
Pecos River have been removed by erosion so that the 
alluvial aquifer also is connected hydraulically to the 
Dockum aquifer (formerly called the Santa Rosa aqui­ 
fer) of Triassic age (White, 1968, p. 20).

The High Plains aquifer (fig. 1) northwest of the 
Edwards Plateau is formed by sediments of Cenozoic 
age and overlies and is hydraulically connected to the 
basal Cretaceous sand of the Edwards-Trinity aquifer 
in the Edwards Plateau (Walker, 1979, p. 39; Ashworth 
and Christian, 1989, fig. 6).

Northeast of the Edwards Plateau, several strati- 
graphic units composed of sediments older and 
younger than the Edwards-Trinity aquifer form a shal­ 
low ground-water aquifer that drains toward the Colo­ 
rado River and its tributaries (Lee, 1986, p. 9).

East of the Edwards Plateau, the Marble Falls 
aquifer, the Ellenburger-San Saba aquifer, and the 
Hickory aquifer exist in older rocks of Paleozoic age. 
Precambrian metamorphic and igneous rocks com­ 
posed of highly eroded, faulted, and fractured granite, 
gneiss, and schist also crop out in the region (Walker, 
1979, table 2). These Precambrian rocks yield small 
quantities of water to domestic and stock wells (Mason, 
1961, p. 16).

In general, throughout the Trans-Pecos and 
Edwards Plateau, the Cretaceous rocks form one con­ 
tinuous regional aquifer confined on the base by less 
permeable pre-Cretaceous rocks (Barker and Ardis, 
1992). In the northern part of the Edwards Plateau, 
however, the confinement between the Edwards- 
Trinity aquifer and the Dockum aquifer has been 
eroded, and these older rocks are hydraulically con­ 
nected to the Edwards-Trinity aquifer in the subsurface 
(Ashworth and Christian, 1989, fig. 6).

Two regionally mappable confining units exist 
within the Edwards-Trinity aquifer system (fig. 3). The 
Hammett confining unit, a shale layer that thickens to 
more than 100 ft to the south, occurs mainly in the 
southern part of the Edwards Plateau and the Hill 
Country and separates the lower Trinitian rocks (Sligo 
and Hosston Formations) from the upper and middle 
Trinitian rocks (Glen Rose Limestone, Hensel Sand, 
and Cow Creek Limestone). The Navarro-Del Rio con­ 
fining unit directly overlies the Edwards aquifer in the

southern and eastern parts of the Balcones fault zone 
where the Edwards aquifer is an artesian aquifer.

Geologic Structural Controls on Ground- 
Water Flow

Faults and joints within the aquifer system have 
the greatest effect on ground-water flow. En echelon 
faulting in the Balcones fault zone created space for 
meteoric water to percolate through the carbonate 
rocks. Joints perpendicular to the faults also provide 
voids for water movement. As streams eroded through 
the rock in the Hill Country and Balcones fault zone, 
springs formed along the faults, joints, and bedding 
planes near the streambeds increasing the rate of disso­ 
lution of the rock. Over geologic time, this resulted in 
the numerous caverns and dissolution channels in the 
Edwards-Trinity aquifer system. More caverns form in 
the Edwards aquifer in the Balcones fault zone than in 
the Hill Country, and these caverns tend to be linear and 
parallel to the faults and joints (Wermund and others, 
1978, fig. 12; Woodruff and others, 1989, figs. 6 and 
14). Known springs within the Hill Country flow at less 
than 10 ft3/s, while several springs in the Balcones fault 
zone flow at greater than 100 ft/s.

Faults, lineaments, and joints have been mapped 
extensively in the Hill Country and Balcones fault 
zone. However, little mapping of faults, lineaments, 
and joint orientations has been done in the Trans-Pecos 
and Edwards Plateau. Locations of faults within the 
Hill Country and Balcones fault zone are shown in fig­ 
ure 2 along with the location of the San Marcos arch.

The San Marcos arch is a pre-Cretaceous posi­ 
tive anticlinal feature. The Edwards-Trinity aquifer is 
thinner over the San Marcos arch (Ashworth, 1983, fig. 
7). Localized highs in the pre-Cretaceous base of the 
aquifer system have the effect of reducing the saturated 
thickness of the more permeable Cretaceous rocks 
resulting in a restriction of ground-water movement 
(Barker and Ardis, 1992). The San Marcos arch has 
been associated with a ground-water divide in the 
Edwards aquifer that has been used as a boundary for 
local model studies of the Edwards aquifer (Klemt and 
others, 1979; Slade and others, 1985; Maclay and 
Land, 1988). The Edwards arch is another positive anti­ 
clinal feature in the pre-Cretaceous surface that 
resulted in less deposition of lower Trinitian rocks near 
the apex of the arch (fig. 2).

8 Simulations of Flow in the Edwards-Trinity Aquifer System and Contiguous Hydraulically Connected Units, West-Central Texas



Hydraulic Characteristics

The most important hydraulic characteristic of 
the aquifers within the study area is transmissivity. This 
property can range over several orders of magnitude for 
carbonate rocks in karstic terranes. Transmissivity is 
hydraulic conductivity multiplied by saturated thick­ 
ness for clastic rock, but might not be associated with 
saturated thickness in carbonate rock where movement 
of water in the subsurface is related to dissolution chan­ 
nels rather than to porosity of the rock matrix. The most 
transmissive aquifer in the study area is the Edwards 
with values from 200,000 to more than 2 million ft2/d 
(Maclay and Small, 1986, p. 61). Transmissivities of 
the Trinity aquifer in the Hill Country ranged from 100 
to 58,000 ft2/d. Little data exist for determining trans­ 
missivity in the Edwards Plateau; estimates ranged 
from 100 to 12,000 ft2/d. In the Trans-Pecos, transmis- 
sivities ranged from 100 to 39,000 ft2/d, but in general 
were more than those reported for the Hill Country or 
Edwards Plateau (R.A. Barker, U.S. Geological Sur­ 
vey, written commun., 1987). In general, transmissivity 
of an aquifer tends to increase with increasing saturated 
thickness.

Transmissivity data for some of the contiguous 
units were determined from saturated thickness or pre­ 
vious modeling studies. Saturated thickness of the Cen- 
ozoic Pecos alluvium ranged from 100 to more than 
1,000 ft (Ardis and Barker, 1993). Hydraulic conduc­ 
tivity of mixed sand and gravel ranges from 15 to 300 
ft/d (Bouwer, 1978, p. 38). Thus, transmissivity of the 
Cenozoic Pecos alluvium may range from 1,500 to 
over 300,000 ft2/d. Transmissivity ranged from 2,500 
to 10,000 ft2/d for the High Plains aquifer (Gutentag 
and others, 1984).

Anisotropy is another important property of 
rocks and is related to transmissivity. Anisotropy 
occurs when water can move through the rock matrix 
more easily in one direction than another. In most aqui­ 
fers composed of flat-lying sedimentary rocks, water 
moves more easily in the horizontal plane than the ver­ 
tical plane. This characteristic is one reason why 
ground-water flow through an aquifer can be approxi­ 
mated with two dimensions. The important anisotropic 
conditions in the Edwards-Trinity aquifer system result 
from normal faults and vertical joints within the rocks 
that cause transmissivity to vary with direction in the 
horizontal plane.

The direction of anisotropy within the rocks is 
determined by the known fault, joint, and lineament

patterns with maximum transmissivity aligned with the 
faults. Straight cavern chambers often develop along 
faults and joints. Studies of lineaments, faults, and 
joints in the Edwards aquifer near Austin (Woodruff 
and others, 1989, figs. 6 and 14) indicate that one-third 
of the straight-cavern chambers are aligned in the same 
direction as three-fourths of the faults. In the Austin 
area the strike of the faults ranges from N. 30° E. to N. 
60° E. Vertical displacement along en echelon faults 
places rocks of high permeability horizontally adjacent 
to rocks of lower permeability, resulting in a barrier to 
flow across the fault (Maclay and Land, 1988, fig. 11).

The ratio of the maximum to minimum transmis­ 
sivity is difficult to determine. Where the displacement 
of a fault is greater than the thickness of the permeable 
rock unit and places this unit horizontally adjacent to a 
confining unit or less permeable aquifer unit, the ratio 
may be 1 to 0, as simulated by Maclay and Land (1988, 
fig. 20). Figure 2 shows the displacement, in percent of 
thickness, of the Edwards aquifer along faults in the 
San Antonio part of the Edwards aquifer as determined 
by Ted Small (U.S. Geological Survey, written com­ 
mun., 1989) at points where geologic sections pub­ 
lished in Small (1986) intersect faults.

Vertical leakage through confining beds between 
the aquifer and streams or springs requires the defini­ 
tion of a hydraulic term related to vertical hydraulic 
conductivity. This term is the leakage coefficient and is 
defined as the area of the leakage to the stream or spring 
multiplied by the vertical hydraulic conductivity of the 
intervening confinement divided by the thickness of the 
confining bed. In general, little data exist for either the 
thickness of the confining bed or the vertical hydraulic 
conductivity of the confining bed. The leakage coeffi­ 
cient can be estimated, however, from stream reach 
length, stream width, and infiltration rates of soils near 
the river (these data are obtained from county soil sur­ 
veys by the U.S. Department of Agriculture, Soil Con­ 
servation Service.)

The storage coefficient is another hydraulic prop­ 
erty and is a measure of the volume of water an aquifer 
releases or takes into storage per unit surface area per 
unit change in water level. Few values of storage coef­ 
ficient have been determined from aquifer tests. In the 
Edwards Plateau, four aquifer tests in the basal Creta­ 
ceous sand resulted in an average storage coefficient of 
0.074 (Walker, 1979, p. 73), which is in the range of 
values for unconfined aquifers. A value for the storage 
coefficient has not been determined for carbonate rocks 
in the Trans-Pecos and Edwards Plateau. In the Hill
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Country, the storage coefficient determined from six 
measurements in lower Trinitian rocks (Sligo, Hosston, 
Cow Creek, and Hensel), ranged from 2x10~5 to 
7.4X10'4 (Ashworth, 1983, table 3), typical of artesian 
aquifers. For the Edwards aquifer in the Balcones fault 
zone, the specific yield for the unconfined zone was 
estimated to be 0.03, and for the confined zone, the 
storage coefficient ranged from 1X10'5 to IXlO"4 
(Maclay and Small, 1986, p. 68-69).

Another method of estimating the amount of 
water that can go in or out of storage for the Edwards 
aquifer is by plotting the cumulative annual change in 
storage for each year versus the average annual water 
level in key wells and fitting a curve to the data (Garza, 
1966, fig. 9). The slope of the curve indicates the vol­ 
ume of water released from or taken into storage per 
unit change in water level. In San Antonio, different 
volumes of water can go in or out of storage depending 
on the average water level: For low water levels in the 
index well, 50,000 acre-ft/ft can go in or out of storage; 
for average water levels, 45,000 acre-ft/ft; and for high 
water levels, 40,000 acre-ft/ft. This method does not 
provide a storage-coefficient value because the area 
over which the water comes out of storage was not 
determined. The maximum possible area is that of the 
entire Balcones fault zone, about 3,000 mi2, which 
results in a minimum estimate of storage coefficient, 
0.02, for the Edwards aquifer.

Regional Flow

The potentiometric surface of the Edwards- 
Trinity aquifer system was mapped for winter 1974-75 
(fig. 4) and the earliest measurements (1915-69) were 
mapped to represent predevelopment conditions 
(fig. 5). In an isotropic aquifer (an aquifer in which 
hydraulic properties are independent of direction) 
ground-water movement is perpendicular to the poten­ 
tiometric contours. The potentiometric maps shown in 
figures 4 and 5 indicate the potential for ground-water 
flow in the Edwards-Trinity aquifer system and hydrau- 
lically connected units. In the Balcones fault zone, 
where anisotropy strongly influences ground-water 
flow, flow is not perpendicular to the contours, but is 
downgradient. The two maps are similar over most of 
the area, and regional ground-water movement can be 
inferred from the two maps.

Regional ground-water movement was toward 
the perennial streams over the unconfined part of the

system in the Trans-Pecos, Edwards Plateau, and Hill 
Country. In these areas the potentiometric surface tends 
to follow the topography. The hydraulic gradient is 
steepest at the western edge of the Trans-Pecos near the 
mountains and flattest at the center of the Edwards Pla­ 
teau (figs. 4 and 5). The surface varies from slightly 
above land surface near springs, to near land surface 
adjacent to some streams, and to more than 800 ft 
below land surface near the mountains. In the Balcones 
fault zone, anisotropy caused by dissolution of the 
rocks presents less resistance to flow along the faults. 
The gradient from west to east is small, but the flow in 
this direction is large. Head gradients shown on more 
detailed potentiometric maps of the Edwards aquifer 
(Garza, 1962, pis. 1-2; Maclay and Small, 1986, fig. 
23) indicate flow from southwest to northeast along the 
strike of the faults.

The potentiometric surface can indicate areas of 
recharge, discharge, and changes in aquifer characteris­ 
tics. In general, highs in the surface indicate areas of 
recharge and lows in the surface indicate areas of dis­ 
charge. Recharge is indicated along the edge of the 
aquifer adjacent to the mountains in the Trans-Pecos. In 
addition, water appears to enter the Edwards-Trinity 
aquifer laterally from the High Plains aquifer. Areas 
where hydraulic gradients anomalously steepen could 
indicate a reduction in aquifer transmissivity. Such 
areas are not apparent on the potentiometric maps (figs. 
4 and 5).

The perennial streams serve not only as surface- 
water drains, but also as drains of the regional ground- 
water flow system in the Trans-Pecos, Edwards Pla­ 
teau, and Hill Country. The Colorado River, Pecos 
River, and the Rio Grande drain the Edwards-Trinity 
aquifer system and the hydraulically connected units as 
evidenced by the hydraulic gradient toward these riv­ 
ers. There are more streams in the Hill Country than in 
the Trans-Pecos and Edwards Plateau. However, these 
streams are not regional drains of the aquifer system. 
The potentiometric surface indicates that ground-water 
discharge to the streams in the Hill Country is more 
localized, with the regional gradient from northwest to 
southeast.

Measurable differences between the postdevel- 
opment and historical potentiometric surfaces occur in 
the Trans-Pecos and northwestern part of the Edwards 
Plateau. The largest declines in the Trans-Pecos are in 
Reeves County and are greater than 300 ft. Declines in 
the Edwards Plateau are greatest in Glasscock County 
and are greater than 100 ft. These are the most arid

10 Simulations of Flow in the Edwards-Trinity Aquifer System and Contiguous Hydraulically Connected Units, West-Central Texas
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parts of the study area. Ground-water use, mainly for 
irrigation, has reversed the natural gradient to the Pecos 
River. Declines in water levels have resulted in reduced 
discharge at many springs. Most of the springs in Pecos 
County have ceased flowing because of the irrigation 
pumpage (Brune, 1975, fig. 18, p. 56-59).

Recharge and Discharge

Recharge to the ground-water flow system 
occurs when precipitation is greater than evapotranspi- 
ration and the soil zone is saturated. Methods of esti­ 
mating evapotranspiration from climatic data are not 
refined. The best methods require sophisticated data- 
collection equipment. In the San Antonio area of the 
Edwards aquifer, more than 20 years has been spent on 
refining the methods of estimating recharge (Puente, 
1975, 1976,1978). Estimated recharge to the Edwards 
aquifer in the San Antonio area was 339,838 acre-ft 
during winter 1974-75 (G.B. Ozuna, U.S. Geological 
Survey, written commun., 1986). In the remainder of 
the eastern part of the study area, base flow determined 
by hydrograph separation was used as the estimate of 
maximum recharge over gaged areas (Kuniansky, 
1989).

Recharge for all the aquifers in Texas was esti­ 
mated by Muller and Price (1979). For much of the 
study area, their estimates were based on historical 
springflow. Their estimate for the Edwards-Trinity 
aquifer is 776,000 acre-ft/yr (0.5 in/yr). Values for 
recharge to parts of the Edwards-Trinity aquifer ranged 
from 0.48 to 0.88 in/yr. Recharge to the High Plains 
aquifer was estimated to be 0.175 in/yr. The only other 
aquifer in the study area for which an annual areal rate 
could be determined was the Hickory aquifer, which 
has an estimated recharge rate of 2.6 in/yr (D.A. 
Muller, Texas Water Development Board, oral com­ 
mun., 1989).

In the Trans-Pecos and western part of the 
Edwards Plateau, ground-water withdrawals for irriga­ 
tion, livestock, and rural domestic use divert ground 
water that normally would discharge to streams. Total 
streamflow or stream flow increase between gages was 
less than 0.5 in/yr based on the capture area that feeds 
this part of the stream. Base flow was less than 0.1 
in/yr for December 1974 through March 1977 
(Kuniansky, 1989). Ground-water withdrawals were an 
order of magnitude greater than the increase in stream- 
flow. Another estimate of recharge in these areas is

long-term average annual pumpage (assuming the sys­ 
tem reached equilibrium or steady-state condition of 
recharge equal to discharge with a negligible change in 
storage). When the average rate of pumpage is distrib­ 
uted areally in a pattern similar to average annual pre­ 
cipitation, the range is 0.15 to 0.60 in/yr, similar to the 
estimate of 0.5 in/yr by Muller and Price (1979).

Additional recharge has been documented in the 
Trans-Pecos where surface water is used for irrigation 
along the Pecos River. A study by the Pecos River Joint 
Investigation concluded that 30 to 72 percent of the 
surface water in canals was lost to evaporation and to 
percolation into the Cenozoic Pecos alluvium aquifer, 
and about 20 percent of irrigation water returned to the 
aquifer (Ashworth, 1990, p. 12).

Recharge to the Edwards aquifer occurs areally 
between streams and directly along streambeds on the 
outcropped rocks of the Edwards Group along a narrow 
strip at the edge of the Hill Country and Balcones fault 
zone (Maclay and Small, 1986, fig. 1). Examination of 
streamflow records indicates loss of surface water to 
the Edwards aquifer. Streams crossing the Edwards 
group become intermittent in the Balcones fault zone
(fig. I)-

Numerous springs are natural discharge points 
for the flow system (pi. 1). The largest springs are along 
the southern edge of the Edwards Plateau and the Bal­ 
cones fault zone. Some of the larger springs in this area 
are Goodenough (now submerged beneath water in the 
Amistad Reservoir), San Felipe, Las Moras, Leona, 
San Antonio, Hueco, Comal, San Marcos, and Barton. 
Goodenough, Comal, and San Marcos Springs dis­ 
charged more than 100 ft3/s (Brune, 1975). Discharge 
for Barton, Comal, and San Marcos Springs is mea­ 
sured by gaging the streams just downstream of the 
springs. The average discharge at Barton Springs is 56 
ft3/s (water years 1918, 1979-89; Buckner and others, 
1989) and was estimated to be 97 ft3/s for winter 1974- 
75 (Slade and others, 1986, table 6). The average dis­ 
charge of Comal Springs is 294 ft3/s (water years 1933- 
89; Buckner and others, 1989) and discharge for winter 
1974-75 was 415 ft3/s (U.S. Geological Survey, 1975). 
The average discharge of San Marcos Springs is 166 
ft3/s (water years 1957-89; Buckner and others, 1989) 
and discharge for winter 1974-75 was 241 ft3/s (U.S. 
Geological Survey, 1975). The remaining springs gen­ 
erally discharge less than 100 ft3/s. San Antonio and 
Hueco Springs do not flow during drought conditions, 
but can have discharge greater than 100 ft /s after wet 
periods or high-intensity storms, which indicates more
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localized recharge areas than the continually discharg­ 
ing springs. Contours on the potentiometric surface 
maps (figs. 4 and 5) show little of this natural discharge 
because of the large transmissivity and the regional 
anisotropy of the Edwards aquifer.

Prior to ground-water development in the Trans- 
Pecos; Phantom Lake, San Solomon, Leon, and 
Comanche Springs flowed at rates from 10 to 100 ft3/s. 
Brune (1975) compares the flow of known springs in 
1500 to springs in 1973. Of these four springs, only 
Phantom Lake and San Solomon currently flow at rates 
generally less than 10 ft3/s. Six springs with predevel- 
opment flows from 1 to 10 ft3/s also have ceased flow­ 
ing (Brune, 1975, fig. 18).

All withdrawal data is estimated throughout the 
study area. There is no requirement for reporting or 
metering ground-water withdrawals. The Texas Water 
Development Board estimates withdrawals every 5 
years. For the Edwards aquifer, the U.S. Geological 
Survey estimates withdrawals each year as part of its 
cooperative program with the Edwards Underground 
Water District. Pumpage may be in error by as much as 
20 percent for the Edwards aquifer (Fisher, 1990, p. 9). 
Livestock and rural domestic withdrawal rates were 
estimated for winter 1974-75, based on populations of 
livestock and people and totaled by county. Industrial 
and municipal average withdrawal rates were com­ 
puted for December 1974 through February 1975. Irri­ 
gation withdrawals of ground water were assumed to 
be located at the centers of irrigated fields (D.L. Lurry, 
U.S. Geological Survey, written commun., 1989). The 
maps of irrigated fields were obtained from the Texas 
Water Development Board. Industrial and municipal 
wells also were located (D.J. Pavlicek, U.S. Geological 
Survey, written commun., 1988). The locations of 
municipal, industrial, and irrigation withdrawals are 
shown in figure 6.

The largest municipal and industrial ground- 
water use is in the San Antonio area, where about 
270,000 acre-ft of water were pumped in 1974, but 
because of the large transmissivity and the regional 
anisotropy of the Edwards aquifer, no cone of depres­ 
sion appears on the regional map (fig. 4). Near the 
Pecos River, there are two cones of depression. Irriga­ 
tion withdrawals in this area were about 420,000 acre- 
ft in 1974 (Texas Water Development Board, 1986).

In most of the Edwards-Trinity, southern High 
Plains, and alluvial aquifers in the Trans-Pecos and 
Edwards Plateau, the majority of ground-water with­

drawals are for rural domestic, livestock, and irrigation 
use. In parts of these areas the volume of water with­ 
drawn from the aquifers exceeded the amount of water 
recharging the aquifers as evidenced by long-term 
decline in water levels (fig. 7; Ogilbee and Wesselman, 
1962, p. 39; Rees and Buckner, 1980, fig. 8; Ashworth 
and Christian, 1989, fig. 11).

Long-Term Water-Level Variations

Long-term variations in water levels result from 
changes in storage, recharge, and (or) discharge from 
the aquifer. Hydrographs from 19 selected wells 
throughout the study area are shown in figure 7, and a 
description of these wells is provided in table 1. Most 
of these hydrographs are from wells that are currently 
(1993) part of the water-level observation network or 
were historically part of the observation network of the 
Texas Water Development Board and the U.S. Geolog­ 
ical Survey.

Of the five wells in the Edwards-Trinity aquifer, 
wells 1 and 2 are located in areas of large ground-water 
withdrawals for irrigation in Pecos and Glasscock 
Counties, respectively (see fig. 6). Well 1 is open to 
rocks of the Washita, Fredericksburg, and Trinity 
Groups. Well 2 is open to the basal Cretaceous sand of 
the Trinity Group (known as the Antlers sand, Texas 
Water Development Board nomenclature). Both wells 
are less than 300 ft deep and are located where the aqui­ 
fer is unconfined. The seasonal fluctuations in water 
level in these two wells are caused primarily by sea­ 
sonal variation in irrigation withdrawals, but both wells 
show the effect of mining the aquifer because the sea­ 
sonal high water level generally becomes lower with 
each passing year. As a result of its proximity to 
recharge from the Pecos River and from orographic 
rainfall from the mountains along the western bound­ 
ary of the system, well 1 shows less of the effect of 
long-term mining than well 2. Yearly water-level fluc­ 
tuations are more than 100 ft in well 1 and about 20 ft 
in well 2.

Well 3 in the Edwards-Trinity aquifer, located 
away from major ground-water withdrawals, has sea­ 
sonal water-level fluctuations less than 20 ft over a 28- 
year record. This well is less than 200 ft deep and in the 
unconfined part of the Edwards-Trinity aquifer.

Wells 4 and 5, in the southern part of the 
Edwards-Trinity aquifer, are drilled to depths greater 
than 500 ft and open to Washita and Fredericksburg

14 Simulations of Flow in the Edwards-Trinity Aquifer System and Contiguous Hydraulically Connected Units, West-Central Texas
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Figure 7. Hydrographs from selected wells throughout the study area.
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Table 1 . Records of selected wells with hydrographs

Reference 
number
(fig. 7)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

Well 
number

US-52-08-902

KL-44- 19-505

WY-43-61-706

YR-70-25-603

YR-70-42-205

WR-69-19-401

YP-70-40-901

YP-69-50-101

YP-69-45-401

TD-69-38-601

TD-68-4 1-301

AY-68-29-103

AY-68-29-701

DX-68-30-208

DX-68-23-302

YD-58-58-301

WD-46-44-501

TJ-27-63-705

SY-27-39-903

County

Pecos

Glasscock

Schleicher

Val Verde

Val Verde

Real

Uvalde

Uvalde

Uvalde

Medina

Medina

Bexar

Bexar

Comal

Comal

Travis

Reeves

Midland

Martin

Aquifer

Edwards-Trinity

Edwards-Trinity

Edwards-Trinity

Edwards-Trinity

Edwards-Trinity

Trinity

Edwards

Edwards

Edwards

Edwards

Edwards

Edwards

Edwards

Edwards

Edwards

Edwards

Cenozoic Pecos
alluvium

High Plains

High Plains

Well 
depth 
(feet)

290

160

160

505

750

820

140

100

1,476

538

710

547

500

292

230

703

627

127

182

Altitude 
of land 
surface 

(feet)

3,012

2,708

2,195

1,216

1,057

1,595

1,122

951

954

1,008

757

953

779

798

643

734

2,640

2,867

2,895

Remarks

Historical observation well
near irrigation.

Current observation well
near irrigation.

Current observation well.

Artesian well used to 
supply water for drilling 
an oil test well.

Current observation well.

Reported yield 500 gallons 
per minute with 175 
feet of drawdown.
Unused irrigation well.

In outcrop of Edwards.

Stock well.

Observation well.

Observation well.

Small amounts of sulfur
water enter from
Austin Chalk.

Development test draw­ 
down 9.24 feet pumping 
820 gallons per minute 
for 1 hour Sept. 9, 1942.

Observation well.

Observation well.

Observation well.

Observation well.

Observation well.

Unused public supply 
well.

Observation well.
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rocks. These two wells are in part of the Edwards- 
Trinity system that is semiconfined. Fluctuations in 
these hydrographs result from climatic events and the 
building and subsequent filling of the Amistad Reser­ 
voir, located near the confluence of the Devils River 
and Rio Grande (pi. 1). Impoundment of water in the 
Amistad Reservoir began in May 1968 and the dam 
was completed in November 1969. The conservation 
pool elevation is 240 ft above the stilling basin below 
the dam. Amistad Reservoir filled between mid-1971 
and the beginning of 1973 (International Boundary and 
Water Commission, 1985, p. 8). The hydrograph from 
well 5 shows long-term water-level variations of 100 ft 
during 1955-68. Both hydrographs show the effect of 
the filling of the reservoir. The hydrograph for well 5 
also shows the effect of the drought that occurred in the 
area, starting in 1951, that was finally broken by heavy 
rainfall in the spring of 1957 (Riggio and others, 1987, 
fig. 5). Well 4 is adjacent to the reservoir and is more 
affected by the impoundment of water in the reservoir. 
After the filling of the reservoir, long-term water-level 
variations were generally less than 50 ft in this well.

There is one hydrograph from a well in the Trin­ 
ity aquifer (well 6 in fig. 7). This well is drilled to a 
depth of 820 ft into Trinitian rocks. Long-term varia­ 
tions in water levels are less than 10 ft, ranging from 
285 to 295 ft below land surface. Because this well is 
not located near large ground-water withdrawals, cli­ 
mate is the only influence on the water level.

Wells 7 through 16 are within the Edwards aqui­ 
fer. Well 7 is the only well in the unconfined part of the 
Edwards aquifer. Seasonal fluctuations in well 7 are 
less than 5 ft. This well is not located near any large 
ground-water withdrawals and the fluctuations in water 
levels are rapid in response to storms. Because storage 
coefficients in unconfined parts of aquifers are three to 
five orders of magnitude greater than in confined parts 
of aquifers, the small fluctuations may represent large 
volumes of water going into or out of the aquifer.

The hydrographs with records between 1950 and 
1960 (wells 8,9,11,13,15, and 16) indicate low water 
levels during the extended drought that started to affect 
the Edwards aquifer by 1951 and persisted through the 
winter of 1957. Steady rainfall began in the spring of 
1957 and water levels returned to normal by the end of 
1957. Well 15, close to Comal Springs, did not have 
low water levels until late 1954, and Comal Springs did 
not cease flowing until late 1956, after 7 years of 
drought (Brune, 1975, p. 39). If the period of the 
drought is ignored, long-term water-level variations

range from 30 ft in well 8 to more than 150 ft in well 
10. Well 10 has yearly variations of 75 ft. The hydro- 
graphs show that water levels dropped rapidly as a 
result of the drought and rose rapidly when rainfall 
resumed. While some of the wells are near large 
ground-water withdrawals, the large fluctuations in 
water levels in the confined part of the Edwards aquifer 
mainly result from rainfall variations.

Well 17 is screened in the Cenozoic Pecos allu­ 
vium aquifer adjacent to the Pecos River. The drop in 
water level that occurred between 1952 and 1959 is a 
result of irrigation withdrawals from the aquifer. 
Ground-water withdrawals peaked at 520,000 acre- 
ft/yr in 1953, then dropped to a range of 300,000 to 
400,000 acre-ft/yr during 1958-1974(Rees, 1987, table 
1; Ashworth, 1990, fig. 9). According to the irrigation 
survey of 1979, withdrawals were 109,000 acre-ft/yr 
(Texas Water Development Board, 1986). The hydro- 
graph for well 17 indicates this withdrawal history.

Wells 18 and 19 are in the High Plains aquifer. 
Both wells are less than 200 ft deep. The wells are 
affected by ground-water withdrawals; well 18 by irri­ 
gation withdrawals and well 19 by municipal and 
industrial withdrawals. The hydrograph for well 18 
shows a rise in water level resulting from decreased 
agricultural development. The hydrograph for well 19 
shows the effect of the mining of the High Plains aqui­ 
fer. The seasonal fluctuations in each hydrograph result 
from both climatic events and withdrawals.

SIMULATIONS OF GROUND-WATER 
FLOW

Model Development

In developing a numerical model of an aquifer 
system, many simplifications are required in order to 
approximate the system. Flow through most porous 
media is three-dimensional, but most aquifers are sev­ 
eral orders of magnitude thinner in the vertical dimen­ 
sion than in the horizontal dimension. In the case of the 
Edwards-Trinity aquifer system, the horizontal dimen­ 
sion is more than four orders of magnitude greater than 
the vertical dimension. Therefore, the flow can be 
approximated as two-dimensional and horizontal 
where the simulated water level is the vertically aver­ 
aged water level within the aquifer. A generalized sec­ 
tion showing the geologic units simulated as one layer 
is shown in figure 8.

SIMULATIONS OF GROUND-WATER FLOW 19
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Another simplification for modeling was to 
assume steady-state conditions. For a large part of the 
study area, few data are available for transient simula­ 
tion, and in general, hydrographs for wells located 
away from principal ground-water withdrawal points 
do not indicate large seasonal fluctuations (fig. 7). Two 
hydrographs indicate mining of water, thus, steady- 
state conditions may not exist near wells 1,2, and 19 
(fig. 7). In the Balcones fault zone, the Edwards aquifer 
is never in steady state. Long-term water-level records 
show that annual fluctuations of 50 to 100 ft are com­ 
mon (Nalley, 1989, table 5). During winter 1974-75, 
water levels were rising in the Balcones fault zone, and 
thus, water was going into storage within the aquifer 
during that time.

In a steady-state simulation, recharge must equal 
discharge, therefore the amount of actual recharge to 
the Edwards aquifer could be greater than the amount 
simulated. The average water-level rise in 16 wells 
throughout the Edwards aquifer was 4.2 ft from 
December 1974 through February 1975. The average 
rise in four wells in Bexar County was 3.75 ft. Using 
the previously discussed water-level-storage relation of 
Garza (1966), which indicates that about 40,000 acre-ft 
of water is taken into storage for each foot of water- 
level rise, the estimated amount of water that went into 
storage is 150,000 acre-ft for the 3 months. This 
amount is one-half the estimated recharge for that 
period. Thus, the recharge applied in the simulation 
should be reduced to one-half the actual recharge.

The ground-water flow equation solved by the 
flow model is the continuity equation for flow with the 
incorporation of Darcy's law, derived from the princi­ 
pal of conservation of mass and the assumptions that 
water is incompressible and of constant viscosity 
(Raudkivi and Callander, 1976, p. 43; Bouwer, 1978, p. 
202; Bear, 1979, p. 93). This equation is valid for 
ground-water flow problems when the velocity of 
ground water is slow and laminar. In karstic terranes, it 
is quite possible for flow through caverns and dissolu­ 
tion channels to be turbulent. Thus, the equation is not 
valid for the entire flow domain of the Edwards-Trinity 
aquifer system. A simplification is to assume laminar 
flow everywhere and an effective transmissivity that is 
uniform throughout each element of the model such 
that conservation of mass is preserved along with 
known hydraulic gradients.

The finite-element method was chosen for solv­ 
ing the ground-water flow equation because the method 
allows for the direction of anisotropy to be varied

areally. This factor was the most important reason for 
choosing the finite-element method rather than the 
finite-difference method. While the general direction of 
the en echelon faults in the Balcones fault zone is 
southwest to northeast, in local areas the faults are not 
parallel to the regional direction. Previous models 
developed in the study area (Klemt and other, 1979; 
Slade and others, 1985; Maclay and Land, 1988) used 
the finite-difference method. Maclay and Land (1988) 
examined the effects of anisotropy by orienting the 
finite-difference grid in the average direction of the 
major faults in the San Antonio part of the Edwards 
aquifer. The other two modeling studies did not exam­ 
ine the effects of faults and joints.

Another advantage of the finite-element method 
is the flexibility of developing an irregularly spaced 
mesh of triangular elements. These elements represent 
parts of the aquifer system with similar hydraulic prop­ 
erties. The design of a mesh is tedious, but irregular 
external and internal boundaries can be located more 
accurately relative to their actual locations. In major 
areas of the aquifer system, stream-aquifer interaction 
is important. When using the finite-element method 
streams are simulated along element sides.

Finite-Element Method

Solution of the steady-state ground-water flow 
equation has been discussed in numerous texts, such as 
Remson and others (1971), Bathe and Wilson (1976), 
Zienkiewicz (1977), Wang and Anderson (1982), 
Huyakorn and Finder (1983), Reddy (1986), and Bear 
and Verruijt (1987). The finite-element method of solv­ 
ing the flow equation differs from the finite-difference 
method in that it involves piecewise approximation of 
the flow domain. The flow domain is broken into dis­ 
crete subdomains, called finite elements. The simplest 
element is a triangular element with linear sides. The 
computer program developed for the simulations uses 
three-nodal triangular finite elements. The computer 
program incorporates three types of boundary condi­ 
tions; constant head, constant flux, and head-dependent 
flux (Kuniansky, 1990a).

Finite-Element Mesh and Lateral Boundaries

The finite-element mesh designed for this study 
is shown on plate 1. Because the Edwards-Trinity sys­ 
tem is unconfined over most of the model area, the 
mesh was designed on the basis of surface-water
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drainage divides and streams over the Trans-Pecos, 
Edwards Plateau, and Hill Country. In the Balcones 
fault zone, the mesh was designed with elements 
aligned along the transmissivity subregions defined by 
Maclay and Small (1986, fig. 20) and the Haby Cross­ 
ing and Pearson faults (fig. 2). The mesh was also 
designed such that element sides approximated the 
boundaries of the geographic subareas shown in 
figure 1.

The lateral boundaries of the model were defined 
along hydrologic boundaries where possible. The 
northeastern boundary of the model follows the Colo­ 
rado River. The southwestern boundary follows the Rio 
Grande. These two rivers are simulated as head-depen­ 
dent sinks. The southeastern boundary is simulated as a 
no-flow boundary, placed parallel with and downdip of 
the fresh water/saline-water transition zone. The updip 
limit of the transition zone (1,000-mg/L line of dis­ 
solved solids) also marks a sharp change in aquifer 
transmissivity from more than 100,000 ft2/d on the 
freshwater side to less than 1,000 ft2/d on the brackish- 
water side. The western boundary in the Trans-Pecos 
follows the edge of the Cretaceous rocks along the east­ 
ern edge of the mountain ranges. This boundary is sim­ 
ulated by head-dependent source nodes. Water enters 
the Edwards-Trinity aquifer system at the western edge 
of the Trans-Pecos from rainfall which percolates into 
the alluvial fans at the base of the mountains and then 
into the regional aquifer. A no-flow boundary is placed 
within the Cenozoic Pecos alluvium aquifer where a 
Paleozoic ridge of low permeability rocks results in lit­ 
tle or no saturated thickness of this aquifer. The only 
lateral boundary of the model that is somewhat arbi­ 
trary is the head-dependent source or sink boundary 
placed within the High Plains aquifer. The boundary 
types are indicated on plate 1.

Internal Boundaries

Perennial streams form the majority of the inter­ 
nal boundaries of the model. The most important inter­ 
nal boundary is the Pecos River. This river is incised 
into the Edwards-Trinity aquifer, forming a regional 
drain. It is simulated as a head-dependent source or 
sink. All other perennial streams inside the model area 
are simulated in a similar manner. The perennial 
streams were identified on 7.5-minute topographic 
maps, and stream heads were estimated by interpolat­ 
ing streambed altitudes along reaches between topo­ 
graphic contours crossing the streams. The dashed lines

at the upper reaches of the Concho River and Beals 
Creek (pi. 1) represent reaches of the river that were 
simulated in the predevelopment simulation but not in 
the winter 1974-75 simulation. After development, 
ground-water levels dropped below these streambeds 
and the reaches became inactive as drains of the 
ground-water system.

In the Balcones fault zone, the Pearson and Haby 
Crossing faults create internal boundaries. Each has 
100-percent displacement in the Edwards aquifer (fig. 
2). The displacement juxtaposes confining units and 
less permeable aquifer units horizontally adjacent to 
the Edwards aquifer (fig. 8). In the finite-element 
model, elements were aligned along these two faults 
and a complete discontinuity in the model layer is sim­ 
ulated along parts of these faults. These two lines of 
discontinuity are shown on plate 1.

Recharge and Discharge

Recharge to and discharge from the aquifer are 
simulated as volume per time applied at each node. 
Recharge is simulated as a source flow and discharge as 
a sink flow. In general, these flows change the values in 
the right-hand-side vector of the system of equations 
solved (Kuniansky, 1990a, p. 8-11). For this study, the 
data were processed using geographic information sys­ 
tem (CIS) technology to obtain the net flow at each 
node. Springs and pumping wells are known at specific 
points. Only Comal and San Marcos Springs had dis­ 
charge estimated from stream-gage records during win­ 
ter 1974-75, thus most of the springs are simulated as 
head-dependent point sinks. Simulated springs are 
shown on plate 1. Many springs occur along streams 
and contributed to the base flows of the streams. The 
effect of these springs is simulated as part of the stream 
reach, as a head-dependent sink.

To avoid locating nodes at all pumping wells, all 
pumpage was summed for each element and subtracted 
from the estimated recharge for each element. The net 
flow associated with each element was then distributed 
to the nodes using the CIS preprocessing programs.

Recharge for the Trans-Pecos, Edwards Plateau, 
and contiguous units was initially applied at estimated 
rates of 0.1 to 1 in/yr in a pattern derived from the areal 
distribution of precipitation. Base flow in the Hill 
Country was used as the maximum estimate of areally 
distributed recharge for this subarea. Base flow ranged 
from 1.57 to 5.96 in/yr during December 1974 to 
March 1977 (Kuniansky, 1989).
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Recharge to the Edwards aquifer was simulated 
with areally distributed recharge and direct recharge 
along the southern reaches of the Blanco, Guadalupe, 
Medina, Sabinal, Frio, and Nueces Rivers, and Barton, 
Slaughter, Onion, Verde, Hondo, and Seco Creeks, 
where these streams and creeks cross the outcropped 
Edwards aquifer. The streams and creeks lose all of 
their flow to the Edwards aquifer and usually are dry 
except during storms or floods. For the West Nueces 
River and Cibolo Creek, all the recharge was distrib­ 
uted areally over the drainage area in outcropped rocks 
of the Edwards aquifer. The amount of recharge applied 
to the San Antonio part of the Edwards aquifer was 
reduced by 50 percent to account for the estimated 
amount going into storage during winter 1974-75.

The cones of depression (shown for winter 1974- 
75, fig. 4) on the potentiometric surface in the north­ 
western part of the Trans-Pecos, Edwards Plateau, and 
the contiguous units, result from mining of water for 
many seasons of irrigation. Irrigation withdrawals vary 
seasonally and annually; thus, the long-term average of 
estimated irrigation withdrawals was used in the winter 
1974-75 steady-state simulation. In these areas, the 
aquifers are unconfined and there is an appreciable 
amount of irrigation return flow. The long-term average 
irrigation withdrawals were reduced by 30 percent to 
account for irrigation return flow, although Mackey 
(1987) documented more than 50-percent irrigation 
return flow in part of the High Plains aquifer, north of 
the area modeled.

Ground-water withdrawals for the San Antonio 
area initially were applied to the model at the reported 
rate. Adjustments to the reported estimates of ground- 
water withdrawals were required as part of the calibra­ 
tion process to get better simulation results.

Calibration

The purpose of model calibration is to refine the 
conceptual model of the Edwards-Trinity aquifer sys­ 
tem and develop a set of parameters and stresses that 
result in a reasonable simulation of the aquifer system. 
Calibration is accomplished by the adjustment of val­ 
ues for model parameters (transmissivity, leakage coef­ 
ficient, and anisotropy) and stresses (recharge and 
discharge), so that there is a good fit between simulated 
and observed water levels. The parameters and stresses 
are adjusted within the estimated ranges described in 
the hydrogeologic setting section. The best available

potentiometric map of the aquifer system in the mod­ 
eled area is the map for the winter of 1974-75, because 
the data represent the same period of time. Thus, the 
winter of 1974-75 was simulated first, then the prede- 
velopment period.

The parameters considered to be the least known 
were transmissivity and the amount of anisotropy. In 
many models, the stresses applied to the system are 
considered to be known. The uncertainty in rates of irri­ 
gation withdrawals and return flow in the Trans-Pecos, 
northwestern Edwards Plateau, and contiguous units 
adds a degree of uncertainty to the model calibration 
that would not exist if withdrawals were better known. 
However, the calibration resulted in a set of recharge 
and transmissivity distributions (one of possibly many 
sets) whose values are within ranges determined from 
previous studies.

The simulated potentiometric surface for winter 
1974-75 is shown on plate 2 along with the difference 
between the observed water levels and the simulated 
water levels at 789 observation wells (a positive num­ 
ber indicates the observed water level is higher than the 
simulated water level). In general this simulated sur­ 
face resembles the observed potentiometric surface 
shown in figure 4. An indication of a good fit between 
simulated and observed data is the root-mean-square 
(RMS) error (an approximation of the standard devia­ 
tion where two-thirds of the errors between the 
observed and simulated water levels are less than the 
RMS error). For all 789 observations, the RMS error 
was 96 ft.

The worst fit of the simulated surface was in the 
areas of greatest topographic relief. In the Trans-Pecos, 
the RMS error was 137 ft for 139 observations, and in 
the Hill Country, the RMS error was 119 ft for 65 
observations. In these areas, the topographic relief is 
more than 1,600 ft. In the Trans-Pecos, some of the 
water levels that were used to calibrate the model were 
known only to ± 50 ft, or the location of the well was 
known only within a 2-mi2 area.

In the Edwards Plateau, the RMS error was 83 ft 
for 259 observations, and in the Balcones fault zone, 
the RMS error was 42 ft for 131 observations. Within 
the contiguous hydraulically connected units, the RMS 
error was 94 ft for 195 observations. During the winter 
of 1974-75, there was about a 4-ft rise in water levels 
within the Balcones fault zone, increasing the RMS 
error. The RMS errors were considered acceptable.

To obtain the simulated surface initially, recharge 
was varied along with irrigation withdrawals, as
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discussed previously. Next, transmissivity and leakage 
coefficients for head-dependent flux terms were modi­ 
fied. After about 50 trial and error simulations, a 
parameter estimation procedure was applied for chang­ 
ing transmissivity only (Aral and Kuniansky, 1983). 
After each iterative parameter estimation process, 
anisotropy was refined and the procedure started again. 
During the calibration process, a better fit was achieved 
in the fault zone by making some of the areas with 
faults isotropic. This was done in areas where there 
were joints and lineaments perpendicular to the strike 
of the fault zone (Wermund and others, 1978).

After preliminary calibration to the potentiomet- 
ric surface for the winter of 1974-75, a predevelopment 
simulation was run and compared to the estimated pre­ 
development surface (fig. 5). The recharge rates were 
adjusted for both simulated time periods, so that long- 
term average annual recharge was applied for all areas 
except the Balcones fault zone. Estimated irrigation 
pumpage was not considered accurate, and this stress 
was changed from the original long-term average. In 
the Trans-Pecos and Edwards Plateau, the long-term 
average irrigation pumpage was reduced by 56 percent 
for the simulation results presented. This is slightly 
greater than the estimated irrigation return flow of 50 
percent for the High Plains aquifer and much greater 
than the estimate of 20-percent irrigation return flow 
for the Cenozoic Pecos alluvium aquifer.

The simulated predevelopment surface is shown 
in figure 9. No RMS error is computed between the 
simulated predevelopment surface and the predevelop­ 
ment surface obtained from historical observations 
because the observed data were collected over several 
decades. The simulated predevelopment surface is dif­ 
ferent from the simulated winter 1974-75 surface in 
Reeves County and the northwestern part of Pecos 
County in the Trans-Pecos. In the Edwards Plateau, the 
surfaces differ in Glasscock, Midland, and the northern 
part of Upton and Reagan Counties. In these areas, the 
simulated winter surface is drawn down from the pre­ 
development surface resulting from ground-water 
withdrawals. The simulated drawdown is greater than 
600 ft in the Trans-Pecos and greater than 200 ft in the 
Edwards Plateau.

For both simulations, transmissivity, anisotropy, 
and recharge were the same. Ranges in transmissivity, 
anisotropy, and recharge for both steady-state simula­ 
tions are shown in figures 10, 11, and 12, respectively.

In the Hill Country, the recharge amounts that did 
not cause mounding of water levels were less than the

base flows of the streams. This reduction in estimated 
recharge results from the numerous springs and seeps 
along the hillsides that are part of local flow systems 
that cannot be simulated by a single-layer model of 
regional scale.

In the Balcones fault zone, the total recharge was 
reduced by 60 percent to account for the amount of 
water that went into storage in the aquifer (this is 10 
percent greater than the estimated amount that goes 
into storage). The municipal and industrial pumpage 
data compiled by Lurry and Pavlicek (1991) was 
increased by 20 percent to account for unreported with­ 
drawals and underestimated withdrawals. Both of these 
changes gave a better fit to observed water levels and 
springflows.

Sensitivity Analysis

Sensitivity analysis provides an indication of 
how the selection of model parameters and stresses 
affect the model response. For ground-water flow mod­ 
els, the model response is the simulated water level and 
flow through the system. A model is considered sensi­ 
tive to a parameter or stress when a small change (per­ 
turbation) of the parameter or stress causes a large 
change in the simulated water level. Sensitivity analy­ 
sis is useful for indicating areas where errors in the cal­ 
ibrated set of parameters and stresses are more likely. If 
the model is sensitive to changes in a parameter or 
stress, then it is more likely that the calibrated value is 
accurate. If the model is insensitive to changes in a 
parameter or stress, then it is unknowable if the cali­ 
brated value is close to the actual value.

Sensitivity analysis was accomplished by chang­ 
ing one parameter or stress at a time (perturbing the 
parameter) and plotting a graph of the sensitivity simu­ 
lation RMS error for winter 1974-75 versus the ratio of 
the perturbed parameter divided by the final simulation 
value (calibrated value) of the parameter. The parame­ 
ters tested were transmissivity, angle of anisotropy, rel­ 
ative magnitude of anisotropy, and leakage coefficient 
for head-dependent-flux nodes. The stresses tested 
were recharge and pumpage. Graphs for all six tests for 
the total model area, each of the four subareas, and the 
contiguous units are shown in figure 13.

All subareas except the Balcones fault zone were 
more sensitive to a reduction in transmissivity than to 
an increase in transmissivity. The Trans-Pecos, contig­ 
uous units, and Edwards Plateau were the most
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sensitive because of the small transmissivities in these 
areas. When transmissivity is small, a further reduction 
makes the aquifer behave more like a confining unit. In 
comparison, the Balcones fault zone was less sensitive 
to transmissivity change resulting from transmissivities 
greater than 2 million ft2/d in the Edwards aquifer. 
When transmissivities exceed 105 ft2/d, doubling the 
value does not affect the water level. Thus, the model 
will seem insensitive.

Anisotropic conditions were simulated in the 
Balcones fault zone and part of the Hill Country where 
faults and joints have been extensively mapped and 
studied. For this reason, subareas of the model where 
anisotropic conditions were not simulated were insen­ 
sitive to changes in the angle of anisotropy or the 
amount of anisotropy. Because the angle of anisotropy 
is measured counterclockwise from the x-axis (that 
parallels west to east), a decrease in the angle of anisot­ 
ropy has the effect of allowing water to move more 
easily in an east-west direction, rather than in the 
southwest-northeast orientation of the faults. When the 
angle of anisotropy is increased, the RMS error 
increases.

In general, the springs decrease in altitude from 
west to east in the fault zone. Since the springs are sim­ 
ulated predominantly as head-dependent point sinks 
with leakage coefficients between 105 and 1010 ft2/d 
(see hydraulic characteristics section for definition of 
leakage coefficient), the simulated head at spring nodes 
approximates the specified spring pool elevation (see 
Kuniansky, 1990a, p. 10, for explanation of head- 
dependent sources or sinks). Increasing the angle of 
anisotropy creates greater resistance to flow from west 
to east, resulting in higher simulated heads west of each 
simulated spring (pi. 1) and a reduction in simulated 
springflows. The model was insensitive to perturba­ 
tions in the ratio of maximum to minimum anisotropy; 
however, removal of anisotropy from the aquifer sys­ 
tem resulted in an RMS error of 120 ft in the fault zone, 
a 270-percent increase from the RMS error associated 
with calibration conditions.

The model was not very sensitive to changes in 
the leakage coefficient. This coefficient represents 
resistance of water movement to or from head-depen­ 
dent sources or sinks. Because of the size of the ele­ 
ments used in this approximation of the aquifer system, 
the leakage coefficient for most of the simulated river 
reaches is a number greater than 105 ft2/d. This could 
result in the lack of sensitivity of the model to the leak­ 
age coefficient. The Trans-Pecos was more sensitive to

a reduction of this parameter (more resistance to water 
movement). The other subareas were not sensitive to an 
increase or decrease in the parameter.

Recharge is simulated mathematically as the 
opposite of ground-water withdrawals or natural dis­ 
charge. Thus, differences in sensitivity in the subareas 
are related to withdrawals and to the effect of less 
recharge in arid parts of the study area, where transmis­ 
sivity also is small. Changes in recharge had the great­ 
est effect on the Edwards Plateau, where the area is 
semiarid and there are large irrigation withdrawals. In 
the Trans-Pecos and contiguous units, the location of 
irrigated fields is near the Pecos River where the winter 
of 1974-75 simulation shows a reversal of the natural 
ground-water gradient and water from the Pecos River 
was flowing to the aquifer near the irrigated fields. 
Thus, the Trans-Pecos and contiguous units are less 
sensitive to changes in areally applied recharge. The 
Hill Country and Balcones fault zone subareas are not 
very sensitive to changes in recharge, which might 
result from the larger transmissivity values and the 
proximity of streams simulated as head-dependent 
sources or sinks.

The subareas that were sensitive to changes in 
recharge also were sensitive to changes in withdrawals. 
The Hill Country and Balcones fault zone were rela­ 
tively insensitive to changes in pumpage compared to 
the other subareas, but for different reasons. There is 
relatively little pumpage of ground water in the Hill 
Country, therefore, the area is not sensitive to changes 
in pumpage. In the Balcones fault zone, the transmis­ 
sivities are so large that even with the large withdraw­ 
als in the San Antonio area, there is no cone of 
depression. In the Trans-Pecos, the model was more 
sensitive to increases than to decreases in pumpage.

In summary, the more arid parts of the study area 
(Trans-Pecos, Edwards Plateau, and northwestern part 
of the contiguous units) are sensitive to changes in 
transmissivity, recharge, and discharge. The Hill Coun­ 
try is sensitive to reduced transmissivity and increased 
recharge. The Balcones fault zone is insensitive to most 
of the changes in parameters and stresses. For this rea­ 
son, there is uncertainty that the calibrated set of 
parameters and stresses is the true set of parameters and 
stresses in the Balcones fault zone. Fortunately, a large 
data base exists for the Balcones fault zone; thus the 
estimated values for recharge, ground-water withdraw­ 
als, and transmissivity could be more accurate. In the 
western part of the study area, there is little data on 
which to base estimates of the parameters and stresses,
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but because the model is more sensitive to changes in 
the estimated values, the calibrated set of parameters 
might approximate the true values.

Water Budgets

In a simplified model of the aquifer system, such 
as the two-dimensional finite-element model of this 
report, water enters (recharges) or exits (discharges) 
the aquifer at nodes and moves horizontally. Because 
steady-state conditions are imposed, recharge equals 
discharge in each simulation. The simulations indicate 
that water flows through the Edwards-Trinity aquifer 
system and contiguous hydraulically connected units at 
a rate of nearly 3 million acre-ft/yr (about 4,000 ft3/s).

The major difference in the water budgets from 
the postdevelopment and predevelopment simulations 
is in the distribution of discharge (figs. 14 and 15). 
After ground-water development, some of the recharge 
that would have discharged naturally to streams and 
springs is diverted to wells. Areally distributed 
recharge represented long-term average rates in the 
Trans-Pecos, Edwards Plateau, Hill Country, and 
northwestern part of the contiguous units and was the 
same for both simulations. Springflows and ground- 
water discharge through the streambeds is greater prior 
to development. Discharge to streams after develop­ 
ment is 20 percent less than the predevelopment dis­ 
charge to streams, and springflow in the system is 30 
percent less than predevelopment springflow. After 
development, there is some induced recharge from 
some of the streams, and many of the springs cease to 
flow as a result of a lowering of the water table (table 
2). The recharge from streams is 12 percent greater 
than predevelopment rates. Withdrawals after develop­ 
ment account for 28 percent of simulated discharge; 
discharge from the major springs accounts for 24 per­ 
cent of discharge; and 47 percent of the simulated dis­ 
charge goes to streams and minor springs. Prior to 
ground-water development, simulated discharge to 
major springs was 36 percent of the total discharge, and 
discharge to streams accounted for 63 percent of the 
discharge.2

In the winter 1974-75 simulation, 39 percent of 
ground-water withdrawals and 90 percent of the simu­ 
lated discharge to major springs are within the Bal- 
cones fault zone. Together, simulated withdrawals and

2About 1 percent of total discharge is to the High Plains.

springflows in the Balcones fault zone account for 33 
percent of the discharge for the entire area in winter 
1974-75. Prior to development, simulated spring dis­ 
charge in the Balcones fault zone represented 30 per­ 
cent of the total discharge for the entire area. While the 
Balcones fault zone represents 5 percent of the mod­ 
eled area, about one-third of the simulated flow through 
the system occurs in this area indicating that it is the 
most active part of the ground-water flow system.

Matching simulated springflows to the observed 
values in the Edwards aquifer was difficult. Small 
errors in simulated water levels result in large errors in 
springflow when transmissivity is greater than 100,000 
ft2/d. Continuous or periodic discharge measurements 
exist for a few of the major springs; for most, only peri­ 
odic or miscellaneous measurements, or estimates, are 
available. Springflows were specified at San Marcos 
and Comal Springs (the gaged springs) for the post- 
development simulation. All springflows were simu­ 
lated as head-dependent sinks in the predevelopment 
simulation (table 2). The gaged springs had greater 
springflow during winter 1974-75, as a result of an 
extremely wet antecedent fall. The total springflow in 
the Balcones fault zone was greater for the predevelop­ 
ment simulation. This results from the addition of dis­ 
charge from San Pedro Springs and increased discharge 
at San Antonio Springs west of Comal and San Marcos 
Springs. The simulated predevelopment springflow at 
Comal and San Marcos Springs is equal to average dis­ 
charge (table 2).

Areally distributed recharge accounts for 62 per­ 
cent of the water entering the ground-water flow model 
after development and 65 percent for the predevelop­ 
ment simulation. The distribution of areally distributed 
recharge is shown in figure 12. Streams supply 28 and 
26 percent of the total recharge for the postdevelop­ 
ment and predevelopment simulations, respectively. 
The head-dependent source nodes along the western 
edge of the model in the Trans-Pecos supply 9 and 8 
percent of the recharge for postdevelopment and prede­ 
velopment, respectively. The flow entering the contig­ 
uous units along the head-dependent nodes in the High 
Plains is about 1 percent of the total recharge for both 
simulations.

The majority of recharge from streams occurs in 
the Nueces, Guadalupe, and Colorado River drainage 
basins along streams that lose their total flow to the 
Edwards aquifer where highly permeable rocks are out­ 
cropped and the streambed crosses faults and joints 
near the southern boundary of the Hill Country and
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Table 2. Simulated and observed or estimated discharge from major springs

[ft3/s, cubic feet per second]

Simulated discharge

Spring

Comal

San Felipe

San Marcos

San Antonio

Barton

Hueco

Las Moras

Leona

San Solomon; Giffin

Comanche

Fort McKavett

Leon

Cantu

Edge Falls

Jacob's Well

Kickapoo

Rebecca

Sandia; Saragosa

San Pedro

Santa Rosa

Sch wander

Sink

Soldiers Camp

T5

Tunas

Willow

Predevelopment 
(ft3**)

297

60

167

325

40

122

19

57

39

18

.3

33

4

6

6

5

4

26

74

16

3

9

44

2

30

16

Winter 1974-75 
(ft3/s)

2415

280

2241

88

34

37
260

25

16
(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

(7)

- Observed or estimated 
discharge1

Average discharge, 294 ft /s; 
winter 1974-75 discharge, 415 ft /s.

Flow is normally greater than 100 ft3/s.

Average discharge, 166 ft /s; 
winter 1974-75 discharge, 241 ft3/s.

Flow was greater than 100 ft3/s prior to development, 
now flow is 10 to 100 ft3/s.

Average discharge, 56 ft /s; 
winter 1974-75 discharge, 696 ft3/s.

Flowed 10 to 100 ft /s after development.

FlowedlOtolOOft3/s:

Flowed 10 to 100 ft3/s.

Flowed 10 to 100 ft3/s.

Flowed 10 to 100 ft3/s.

Flowed 10 to 100 ft3/s.

Flowed 10 to 100 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Flowed 1 to 10 ft3/s.

Ranges in discharge obtained from Brune (1975, 1981), except Barton, Comal, and San Marcos Springs which are gaged. 
Discharge specified in winter 1974-75 simulation. 
Average discharge, water years 1933-89 (Buckner and others, 1989). 
Average discharge, water years 1957-89 (Buckner and others, 1989). 
Average discharge, water years 1918, and 1979-89 (Buckner and others, 1989). 

6 Estimated discharge for winter 1974-75 (Slade and others, 1986). 
Spring not simulated, winter 1974-75.
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northern boundary of the Balcones fault zone. After 
ground-water development, there is some flow to the 
Cenozoic Pecos alluvium aquifer along the Pecos River 
where large ground-water withdrawals for irrigation 
occur near the river. In topographically rugged places 
along the eastern and southeastern margin of the 
Edwards Plateau, streams originate from the discharge 
of local ground-water flow systems. The local flow sys­ 
tems occur at higher altitudes than the simulated 
regional flow system. Thus, near the headwaters of 
some streams, the altitudes of the streambeds are above 
the simulated surface and these simulated reaches 
recharge the aquifer (pi. 1).

The water budgets for both simulations indicate 
that the Ed wards-Trinity and Trinity aquifers are pre­ 
dominantly in recharge areas. Part of the contiguous 
units and the Edwards aquifer are predominantly in dis­ 
charge areas. Lateral movement of water from the 
recharge areas to the discharge areas results in a mass 
balance for each block shown in figures 14 and 15. The 
majority of the net recharge to the Edwards-Trinity 
aquifer flows laterally through parts of the contiguous 
units toward the Pecos and Colorado Rivers and their 
tributaries. Water also flows laterally into the Edwards 
aquifer from the Edwards-Trinity aquifer. The bulk of 
the net recharge to the Trinity aquifer in the Hill Coun­ 
try flows laterally toward the Edwards aquifer.

The lateral movement of water into the Edwards 
aquifer from the Trinity and Edwards-Trinity aquifers 
is about 3 (ft3/sYmi after development and 2 (ft /s)/mi 
prior to development along the simulated 221-mi 
boundary (figs. 14 and 15). This is a significant amount 
of lateral movement into the Edwards aquifer, more 
than 500 ft3/s. Maclay and Land (1988, p. A42-43) 
speculate that there may be cross-formational flow 
between the Edwards aquifer and the Trinity aquifer 
where these aquifers are juxtaposed against each other. 
Slade and others (1985, p. 13) found evidence of cross- 
formational flow. Maclay and Land (1988) inferred that 
a "significant" amount of flow may move from the 
Lower Glen Rose Limestone (Trinity aquifer) near 
Cibolo Creek, Medina Lake, and along parts of the 
Haby Crossing fault. In this model, part of the Haby 
Crossing fault is simulated as a complete discontinuity 
(fig. 2 and pi. 1). Lateral movement from the Trinity 
aquifer to the Edwards aquifer is simulated across the 
part of the Haby Crossing fault where the Trinity aqui­ 
fer is horizontally juxtaposed to the Edwards aquifer in 
Bexar County. Previous model studies assumed a no- 
flow boundary between the horizontally adjacent Trin­

ity aquifer from the Hill Country into the Balcones 
fault zone.

Direction of Ground-Water Movement

The direction of ground-water movement for the 
simulation of winter 1974-75 is shown on plate 3. The 
illustration shows direction and relative magnitude of 
the flow per unit width (transmissivity times gradient) 
for each element of the mesh. The vectors were com­ 
puted by determining the hydraulic gradient for each 
element and multiplying it by the transmissivity of the 
element. The relative magnitude is indicated by the 
length of each vector, not by the density of vectors. The 
density of vectors results from the size and number of 
elements in an area.

In general, the simulation results indicate flow 
toward the perennial streams and major springs. Move­ 
ment toward areas with major ground-water withdraw­ 
als is not as obvious. For example, in the Balcones fault 
zone, vectors do not indicate movement toward the 
municipal and industrial wells for the San Antonio area 
in Bexar County (compare fig. 6 to vectors on pi. 3). 
Movement is indicated toward the irrigation withdraw­ 
als in Reeves, Pecos, and Glasscock Counties. The 
flows of the greatest magnitude are in the Balcones 
fault zone where transmissivity is the largest. Water 
movement is the most sluggish in the freshwater/ 
saline-water transition zone adjacent to the Edwards 
aquifer where transmissivity is small (less than 1,000
ft2/d).

Along the Pecos River in Reeves County, there is 
some movement of water from the river toward the 
cone of depression. In the predevelopment simulation, 
the flow was toward the Pecos River in this area (fig. 9). 
Simulated ground water flows east from the western 
edge of the model toward the Pecos River and south at 
the southwestern part of the Trans-Pecos from the 
mountains toward the Rio Grande. For both simula­ 
tions ground water was moving from the Edwards Pla­ 
teau toward the Pecos and Colorado Rivers and the Rio 
Grande.

Within the Edwards aquifer in the Balcones fault 
zone, the general direction of ground-water movement 
is from southwest to northeast with the exception of the 
westward movement of flow toward Las Moras Spring 
at the western edge of this subarea in Kinney County. 
Movement of ground water tends to parallel the fresh­ 
water/saline-water transition zone at the southern edge
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of the Edwards aquifer. In the unconfirmed part of the 
Edwards aquifer (fig. 2), ground water enters the aqui­ 
fer and flows southwestward before turning to the 
northeast. The predominant southwest-to-northeast 
movement is caused by anisotropy and the relative ele­ 
vation of the springs, which are the natural discharge 
points of the Edwards aquifer.

The vectors shown on plate 3 can be compared to 
the potentiometric surface shown on plate 2. In areas 
where the aquifer is simulated as an isotropic aquifer, 
the vectors are perpendicular to the potentiometric con­ 
tours. In the Balcones fault zone where the aquifer, has 
been simulated as anisotropic, the vectors are not per­ 
pendicular to the potentiometric contours.

CONCLUSIONS

Digital modeling of a ground-water flow system 
is a tool for quantification of the water movement in the 
aquifer system. The simulations of the Edwards-Trinity 
aquifer system were accomplished using a simplified 
model representing the entire system as one layer and 
assuming steady-state conditions. One simulation was 
of the winter of 1974-75, for which there was adequate 
water-level information for calibration. The other sim­ 
ulation was of predevelopment conditions. For the 
Edwards-Trinity aquifer system in the Trans-Pecos and 
Edwards Plateau, this simplified approach cannot be 
refined unless means are developed to acquire more 
accurate data to use in a model. In the Hill Country and 
Balcones fault zone, the Trinity and Edwards aquifers 
are more complex, and the assumption of a one-layer 
system may not be accurate.

The simulations indicate that the total amount of 
water flowing through the Edwards-Trinity aquifer sys­ 
tem and contiguous hydraulically connected units is 
about 3 million acre-ft/yr (1 in/yr) over the modeled 
area. During winter 1974-75, 71 percent of the total 
ground-water discharge was to springs and streams, 
and withdrawal demands were about 28 percent. Com­ 
parison of the water budgets for the two simulations 
indicates that ground-water development reduced 
springflow by 30 percent and leakage to streams by 21 
percent from the predevelopment simulation. One- 
third of the discharge from the entire model occurred 
within the Balcones fault zone, which represents 5 per­ 
cent of the study area.

Large irrigation withdrawals from the Edwards- 
Trinity aquifer and the Cenozoic Pecos alluvium aqui­ 
fer in the Trans-Pecos subarea resulted in several

springs drying up, including Comanche and Leon 
Springs. Simulations indicate a 20-percent reduction of 
ground-water discharge to the Pecos River, Rio 
Grande, and tributaries of the Colorado River after 
ground-water development.

The impoundment of water in reservoirs along 
the Colorado, Medina, and Guadalupe Rivers has 
resulted in some simulated recharge along these 
streams in the winter 1974-75 simulation. There was 
also some induced recharge along the Pecos River near 
the large irrigation withdrawals in Reeves and Pecos 
Counties. Recharge along simulated streams for the 
winter of 1974-75 simulation increased by 11 percent 
from the predevelopment simulation.

The major departure from past simulations of the 
Edwards aquifer in the Balcones fault zone is in allow­ 
ing hydraulic connection from the Trinity aquifer. The 
simulated amount of water entering the Edwards aqui­ 
fer from the Trinity and Edwards-Trinity aquifers was 
significant [more than 500 ft3/s or 2.5 (ft3/s)/mi along 
the simulated 221-mi boundary].

Results indicate that anisotropy is an important 
factor in ground-water movement in the Balcones fault 
zone, but the ratio of maximum to minimum transmis- 
sivity is not always related to known fault displace­ 
ment. Areas where joints and fractures were perpen­ 
dicular to the strike of the faults were simulated as iso­ 
tropic, resulting in a better simulation of the fault zone. 
Ignoring anisotropy and simulating ground-water flow 
in the Edwards aquifer as isotropic resulted in poor 
simulation of flow in the Edwards aquifer.
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